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1. Introduction 73 
Cylindrical shells are widely used in aircrafts, pipeline transportation systems, automobiles, civil 74 
engineering structures, and submarine structures. In many cases, holes need to be drilled on the 75 
cylindrical shells to meet design requirement (e.g., access port in an aircraft). Due to the presence of 76 
holes, the continuous distributions of stress and strain within the shells are interrupted, which leads to 77 
obvious stress concentrations around the holes. Therefore, significant performance deterioration of the 78 
perforated cylindrical shells can be expected under axial compressive loading. Few studies 79 
investigated the influence of perforation on the axial compressive behaviour of isotropic cylindrical 80 
shells [1-9]. Gupta et al. [4] performed axial compression tests on perforated mild steel and 81 
aluminium round tubes. The deformation of the perforated tubes was found to be initiated at the 82 
location of the perforation. Also, the peak load required for the collapse of perforated tubes under 83 
axial compression was found to be significantly less than that required for intact tubes. Starnes [5] 84 
experimentally and analytically investigated the effect of one circular hole on the buckling of thin 85 
seamless electroformed copper cylindrical shells under axial compression. Shell buckling was found 86 
to be dependent on a parameter proportional to the hole radius divided by the square root of the 87 
product of the shell radius and thickness. Jullien and Liman [6] investigated the effect of hole shapes 88 
(square, rectangular, and circular), hole dimensions (axial and circumferential sizes and diameter), 89 
and hole location on the buckling behaviour of cylindrical sheet metal shells under axial compression. 90 
The axial critical load was found to be sensitive to the circumferential size of the hole. The position of 91 
the hole along the longitudinal axis of the shell did not change the critical load. Han et al. [7] carried 92 
out numerical investigations to examine the influences of square holes with various sizes and 93 
locations on the response of thin and moderately thick aluminium cylindrical shells under axial 94 
compression. The location and the size of the square holes significantly influenced the performance of 95 
the shells. Few studies also investigated the axial compressive behaviour of perforated isotropic 96 




Nowadays, fibre reinforced polymer (FRP) composites have been used to replace traditional isotropic 99 
materials in many engineering applications due to the advantages of high strength and stiffness to 100 
weight ratio and corrosion resistance. One such application is to use pultruded FRP tube in the 101 
construction of bridges and boardwalks [11] where holes are needed to be drilled onto the pultruded 102 
FRP tubes to assemble different components [12]. While the axial compressive behaviour of isotropic 103 
perforated cylindrical shell is well understood, the performance of perforated composite cylindrical 104 
shell under axial compression has not yet been adequately investigated. Only few studies were 105 
conducted on the perforated composite cylindrical shells [13-18]. Hilburger et al. [13] studied the 106 
behaviour of composite cylindrical shells with rectangular holes under axial compression. The effects 107 
of hole size and laminate properties on the axial compressive behaviour of perforated composite shell 108 
were investigated. The response under axial compression was found to be strongly influenced by the 109 
local displacements and internal load distribution near the holes. The local displacements and internal 110 
load distributions were affected by the size of the holes, material properties, and imperfections in the 111 
shell. Mark and James [17] studied the response of thin-walled composite cylindrical shells with 112 
unreinforced and reinforced square holes under axial compression. Local buckling occurred due to a 113 
localized nonlinear coupling between local deformations and in-plane destabilizing compression 114 
stresses near holes. The buckling load of the shell increased with the addition of reinforcement around 115 
the hole. Taheri-Behrooz et al. [18] experimentally and numerically studied the response of perforated 116 
composite tubes subjected to axial compressive loading. It was reported that the intact and perforated 117 
tubes showed similar instability mode shapes under axial compressive loading. However, the axial 118 
critical load and global stiffness of the perforated tubes were found to be significantly lower.  119 
 120 
The use of FRP composites to strengthen reinforced concrete structures has been widely studied in the 121 
last two decades [19-23]. Recently, Wang et al. [24] and Hadi et al. [25] proposed a new reinforcing 122 
scheme named FRP tube reinforced concrete columns in which perforated Glass Fibre Reinforced 123 
Polymer (GFRP) tubes ( / 7.5R t = ; R  is the radius and t  is the thickness of the FRP tube) with 124 
multiple holes were placed into the concrete columns to provide reinforcement in both longitudinal 125 
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and transverse directions. For the successful and wide application of FRP tube reinforced concrete 126 
columns, axial compressive behaviour of perforated GFRP tubes needs to be extensively studied. 127 
However, most of previous studies only investigated perforated cylindrical shells with one or two 128 
holes [1-4, 7-10, 16, 17] and were mainly focused on the buckling behaviour of perforated thin 129 
cylindrical shells with / 20R t >  [1-4, 6, 13, 14, 16, 17]. None of the above-mentioned studies 130 
provided sufficient information on the performance of perforated GFRP tubes ( / 20R t < ) with 131 
multiple holes throughout the tubes under axial compression. Considering limited experimental 132 
investigation results, an experimental program was carried out to investigate the axial compressive 133 
behaviour of perforated GFRP tubes. The influences of different parameters on the performance of 134 
perforated GFRP tubes under axial compression have been investigated (Section 2 and Section 3). 135 
Moreover, design-oriented equations have been developed to predict the axial stiffness, axial critical 136 
load and axial deformation capacity of perforated GFRP tubes under axial compression (Section 4).  137 
 138 
2. Experimental program 139 
A total of 15 GFRP tubes with and without perforations were tested under axial compression in the 140 
High Bay Civil Engineering Laboratory at the University of Wollongong. All GFRP tubes were 141 
divided into two groups: Group A contains 12 GFRP tubes with 89 mm outer diameter and 6 mm wall 142 
thickness and Group B contains 3 GFRP tubes with 183 mm outer diameter and 8 mm wall thickness 143 
(Fig. 1). The height of Group A GFRP tubes was 260 mm, while the height of Group B GFRP tubes 144 
was 185 mm. For Group A GFRP tubes, the influences of hole diameter, vertical hole spacing, 145 
perforation pattern, transverse hole spacing, and hole reinforcement on the axial compressive 146 
behaviour of perforated GFRP tubes were investigated. For Group B GFRP tubes, the influence of 147 
hole diameter was investigated. The influence of tube diameter was investigated by comparing test 148 
results of Group A and Group B GFRP tubes.  149 
  150 
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2.1. Properties of test materials 151 
Group A GFRP tubes were manufactured by Wagners Composite Fibre Technology (CFT) based in 152 
Toowoomba, Queensland, Australia [26]. Group B GFRP tubes were manufactured by Exel 153 
Composites Australia based in Boronia, Victoria, Australia [27]. The GFRP tubes were pultruded 154 
tubes made from vinyl ester resin systems with E-glass fibre. According to the information provided 155 
by the manufacturer, Type A pultruded GFRP tubes had an overall E-glass fibre content of 76%. 156 
Starting from the exterior of the tube wall, the stacking sequence of the laminates was in the form of 157 
[0°/+45°/0°/-45°/0°/-45°/0°/45°/0°], where the 0° coincided with the longitudinal axis of the tube. The 158 
thickness of each ply was the same. The value of D11 in the bending stiffness matrix [D] for Type A 159 
GFRP tubes’ laminates was 586 GPa-mm3. The laminate stacking sequence of Type B pultruded 160 
GFRP tube was not available due to commercial confidentiality of the manufacturer. The mechanical 161 
properties of GFRP tubes provided by the manufacturers are listed in Table 1. It can be seen from 162 
Table 1 that the ultimate tensile strength, ultimate compressive strength, and elastic modulus in the 163 
longitudinal direction are much higher than the ultimate tensile strength, ultimate compressive 164 
strength and elastic modulus in the transverse direction, respectively. The higher values in the 165 
longitudinal direction can be explained by the fact that a vast proportion of the glass fibres were 166 
aligned along the longitudinal direction of the GFRP tubes during the pultrusion process.     167 
 168 
2.2. Test Parameters  169 
The influences of hole diameter (15 mm and 25 mm), vertical hole spacing (40 mm, 60 mm and 100 170 
mm), tube diameter (89 mm and 183 mm outer diameter), perforation patterns, transverse hole 171 
spacing, and hole reinforcement on the axial compressive behaviour of perforated GFRP tubes were 172 
investigated in this experimental program. Two different perforation patterns (axially perforated tubes 173 
have been designated as APT and diagonally perforated tubes have been designated as DPT) were 174 
investigated, as shown in Fig. 2 (a) and (b). The transverse hole spacing was varied by changing the 175 
number of holes around the transverse direction of the tubes (3 and 4 holes). For perforated GFRP 176 
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tubes with hole reinforcement, 3 layers of Carbon Fibre Reinforced Polymer (CFRP) sheet were 177 
wrapped around holes. Different reinforcement configurations were applied for APT and DPT tubes. 178 
The detailed configurations are shown in Fig. 2 (c) and (d). 179 
 180 
2.3. Test specimens 181 
2.3.1. Description of test specimens 182 
The details of the GFRP tubes are given in Table 2. The labelling of GFRP tubes has been carried out 183 
as: (a) “A” and “B”  are used to identify Group A GFRP tubes and Group B GFRP tubes, respectively; 184 
(b) “I” indicates intact GFRP tubes without perforation; (c) for perforated GFRP tubes, “D” and the 185 
number afterwards indicate the diameter of the hole in mm, “V” and the number afterwards indicate 186 
the vertical hole spacing in mm, “T” and the number afterwards indicate the number of holes around 187 
transverse direction; (d) “LW” represents that the GFRP tube was laterally wrapped with CFRP; (e) 188 
“APT” represents axially perforated GFRP tube and (f) “DPT” represents diagonally perforated GFRP 189 
tube.  190 
 191 
2.3.2. Procedure of tube perforation 192 
Before perforation, the exact locations of the holes were marked. Afterwards, a drill press machine 193 
with a circular drill bit was used to perforate the tubes. Gloves and mask were worn to get protected 194 
from harmful fibres during the perforation process. A water spray bottle was used to wash away any 195 
waste material. For GFRP tubes wrapped with CFRP, three layers of CFRP were laterally wrapped 196 
before tube perforation. Prior to the wrapping of CFRP, the surface of GFRP tube was cleaned to 197 
remove all the dust that may affect the wrapping quality. The 105 epoxy resin and 206 slow hardener 198 
manufactured by West System were used in this study [28]. A mixture of epoxy resin and hardener at 199 
a ratio of 5:1 was used as the adhesive. The CFRP was wrapped onto the GFRP tube manually using a 200 
wet lay-up method. No tension force was applied during the wrapping process. Before the wrapping 201 
of the first layer of CFRP, the adhesive was spread onto the surface of the GFRP tube. After the first 202 
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layer of CFRP was wrapped, the adhesive was spread onto the first layer of CFRP and the second 203 
layer was continuously wrapped. The third layer of CFRP was wrapped in a similar manner. A 70 mm 204 
overlap was maintained to prevent the premature debonding of CFRP. The epoxy resin was then left 205 
to cure at room temperature for seven days.  206 
 207 
2.4. Instrumentation and test procedure 208 
Denison 5000 kN testing machine was used for testing all the GFRP tubes. Before testing, a 209 
horizontal level was used to adjust the bottom steel plate to ensure that the surface of the bottom steel 210 
plate was horizontal. Afterwards, the tube was placed onto the bottom steel plate to check whether 211 
there was any misalignment between the tube end and the bottom steel plate. If no misalignment was 212 
observed, then the tube end was considered to be horizontal and parallel to the bottom steel plate. 213 
However, if a slight misalignment was observed, the tube end was slightly smoothed using a belt 214 
sander until the misalignment was removed. The same procedure was applied to the other tube end. 215 
Afterwards, a vertical level was used to ensure that both the tube ends were perpendicular to the 216 
longitudinal axis of the tube. When the tube ends were horizontal and perpendicular to the 217 
longitudinal axis of the tube, and the surfaces of steel plates were horizontal, then the load can be 218 
considered to be applied in a purely axial manner. Axial deformations were measured using two 219 
Linear Variable Differential Transducers (LVDTs) mounted at the opposite corners of the steel plate. 220 
The load and deformation data were collected using an electronic data-logger at 2 second intervals. 221 
The test (displacement controlled) was conducted at a rate of 0.3 mm/min. All GFRP tubes were 222 
tested until failure. The test setup and instrumentation are shown in Fig. 3.  223 
 224 
In order to prevent the premature failure at the tube end, a specially designed test fixture was 225 
manufactured and used. The test fixture was composed of a steel flange and a steel sleeve, as shown 226 
in Fig. 4 (a) and (b). By combining these two components together, a groove can be developed to 227 
constrain the tube ends (Fig. 4(c)). In order to prevent the upper steel sleeve from slippage, the upper 228 
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steel sleeve was fixed onto the upper steel flange using three bolts (Fig. 4 (d)). The engineering 229 
drawings of these two components are shown in Fig. 5. After the test fixture was capped onto the tube 230 
ends, the same procedures mentioned above were followed to ensure that the load was applied in a 231 
purely axial manner. 232 
 233 
3.  Experimental results and analysis 234 
3.1. Failure modes of GFRP tubes 235 
All tested GFRP tubes failed in a brittle manner because of the non-ductile characteristics of the fibres 236 
and epoxy resin. For intact Group A GFRP tube “A-I” without capping the test fixture, failure was 237 
caused due to the stress concentration phenomenon at the tube end, which resulted in a lower 238 
compressive strength than the actual compressive strength (Fig. 6 (a)). However, by capping the test 239 
fixture onto the tube ends, a global collapse was observed for Tube “A-I” (Fig. 6 (b)). Therefore, it is 240 
evident that by using the developed test fixture, the stress concentration at the tube ends can be 241 
effectively eliminated and the actual compressive strength can be obtained. For intact Group B GFRP 242 
tube “B-I”, global collapse was observed after the axial compressive strength was reached. The failure 243 
of perforated GFRP tubes was initiated with crack formation around the holes due to severe local 244 
stress concentration. Initially cracking noise was heard. The cracking noise increased with the 245 
increase of axial compressive load. The crack formation was followed by a sudden drop of the axial 246 
compressive load, with the splitting of the fibres around holes accompanied by a loud noise. After 247 
splitting, the fibres were bent and curled outwards, extensively delaminated, and fractured 248 
transversely and longitudinally around the holes. It is noted that longitudinal rupture are more serious 249 
than transverse rupture. This is mainly because GFRP tubes were manufactured by pultrution with 250 
majority of fibres aligned in the longitudinal direction. The failure modes of perforated GFRP tubes 251 
depend largely on the perforation patterns. For axially perforated GFRP tubes, rupture was observed 252 
around holes at the same height (Fig. 6 (c)). For diagonally perforated GFRP tubes, the tubes failed 253 
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due to crack development in the middle of three neighbouring holes (Fig. 6 (d)). For perforated GFRP 254 
tubes with reinforced holes, the failure modes were similar to those of perforated GFRP tubes without 255 
hole reinforcement (Fig. 6 (e)).   256 
    257 
3.2. Axial load-axial deformation behaviour of GFRP tubes 258 
A summary of the test results which include axial stiffness ratio (axial stiffness ratio between 259 
perforated tubes and intact tubes), axial critical load ratio (axial critical load ratio between perforated 260 
tubes and intact tubes), and axial deformation ratio (axial deformation ratio between perforated tubes 261 
and intact tubes) are given in Table 3. The axial stiffness for intact Group A GFRP tube was 166 262 
kN/mm, while the axial stiffness for intact Group B GFRP tube was 700 kN/mm. The axial load-axial 263 
deformation diagrams of both intact and perforated GFRP tubes are presented in the following 264 
sections. Both intact and perforated GFRP tubes show linear axial load-axial deformation behaviour 265 
until the sudden collapse of the tubes. Considerable decreases in the axial stiffness, axial critical load, 266 
and axial deformation capacity were observed due to the perforation, as explained below.  267 
 268 
3.2.1. Influence of hole diameter 269 
Fig. 7 illustrates the axial load-axial deformation behaviour of intact GFRP tube and perforated GFRP 270 
tubes with different hole diameters. The effect of hole diameter was investigated by drilling 15 mm 271 
and 25 mm diameter holes while keeping the other parameters constant. In Fig. 7(a), for perforated 272 
GFRP tube “A-D25-V60-T4 (APT) ” (with 25 mm diameter holes), 29.1%, 49.1%, and 27.8% 273 
reductions in the axial stiffness, axial critical load, and corresponding deformation, respectively, are 274 
observed compared to those of intact GFRP tube. For perforated GFRP tube “A-D15-V60-T4 (APT)” 275 
(with 15 mm diameter holes), 18.2%, 36.1%, and 21.6% reductions are observed in the axial stiffness, 276 
axial critical load, and corresponding deformation, respectively, compared to those of intact GFRP 277 
tube. In Fig. 7 (b), the reductions of axial stiffness, axial critical load, and corresponding deformation 278 
are 13.6%, 28.2%, and 17.1%, respectively, for perforated GFRP tube “B-D25-V60-T3 (APT)” (with 279 
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25 mm diameter holes), while the corresponding reductions are 9.1%, 14.8%, and 6.3%, respectively, 280 
for perforated GFRP tube “B-D15-V60-T3 (APT)” (with 15 mm diameter holes). Therefore, by 281 
reducing the hole diameter, the axial stiffness, axial critical load, and axial deformation capacity could 282 
be significantly increased. These results are slightly different from the results reported in Taheri-283 
Behrooz et al. [18]. In Ref. [18], hole diameters of 2.5 mm, 10 mm, and 15 mm were used to 284 
numerically investigate the influence of hole diameter on the load carrying capacity of perforated 285 
tubes. Since the hole diameters in Ref. [18] were relatively small compared to the diameter of the 286 
tubes (107.3 mm inner diameter), the influence of the hole diameter was not significant. However, the 287 
influence of hole diameter on the performance of perforated GFRP tubes under axial compression 288 
cannot be neglected especially for perforated GFRP tubes with larger holes.  289 
 290 
The variation of local deformation was analysed by investigating the strain distributions at 291 
representative locations for perforated GFRP tube “A-D25-V60-T4 (APT)”. In this study, the strain 292 
gauges were attached onto locations away from the perforations to investigate how perforation can 293 
influence the strain distributions at locations away from the perforations. Two representative locations 294 
were selected. The first location (Point A) was in the middle of two vertical neighbouring holes and 295 
the second location (Point B) was in the intact part of GFRP tube, as shown in Fig. 8 (a). Fig. 8 (b) 296 
shows the distribution of strains. It can be seen from Fig. 8 (b) that the axial strain at intact part was 297 
two times of hoop strain at intact part (Point B). The axial and hoop strains obtained at the intact part 298 
(Point B) were 10 and 5 times of those of axial and hoop strains obtained in between two vertical 299 
neighbouring holes (Point A), respectively. Therefore, it is evident that the major part of the tubes that 300 
carries the axial compressive load is the intact vertical segment of the tube without any holes. This 301 
observation can be used to explain that perforated tubes with smaller hole diameter have higher axial 302 
critical load under axial compression. Moreover, it is reasonable to expect that when the perforated 303 
tubes were subject to internal pressure, the major parts in resisting the hoop tensile load are the intact 304 




3.2.2. Influence of vertical hole spacing  307 
The axial load-axial deformation diagrams shown in Fig. 9 are used to illustrate the influence of 308 
vertical hole spacing on the axial compressive behaviour of perforated GFRP tubes. Vertical hole 309 
spacing of 60 mm and 100 mm were investigated. All other parameters were kept constant. In Fig. 9 310 
(a), the increases in the axial stiffness, axial critical load, and corresponding axial deformation with 311 
the increase in the vertical hole spacing from 60 mm (A-D25-V60-T4 (APT)) to 100 mm (A-D25-312 
V100-T4 (APT)) are 6.8%, 6.3%, and 6.2%, respectively. Similarly, in Fig. 9 (b), the increases in the 313 
axial stiffness, axial critical load, and corresponding deformation with the increase in the vertical 314 
spacing from 60 mm (A-D15-V60-T3 (APT)) to 100 mm (A-D15-V100-T3 (APT)) are 4.1%, 4.8%, 315 
and 5.6%, respectively. Therefore, by increasing the vertical hole spacing, the axial stiffness, axial 316 
critical load, and axial deformation capacity can be increased. However, the increase is not highly 317 
significant (within 4%-7%).   318 
 319 
The strain distributions between two vertical holes as well as at the intact part were investigated for 320 
perforated GFRP tube “A-D25-V100-T4 (APT)”. Fig. 10 (a) shows the layout of strain gauge and Fig. 321 
10 (b) shows the axial strain distributions. It can be seen from Fig. 10 (b) that the axial strain at Point 322 
B is only one third of the axial strain at Point A. This indicates that the closer the distance between 323 
holes, the less the axial strain can be obtained. Both the axial strains between two vertical holes (Point 324 
A and Point B) are much less than the axial strain at the intact part (Point C). Therefore, the vertical 325 
part between two neighbouring vertical holes contributes little to the performance of perforated GFRP 326 
tube under axial compression. It is noted that the axial strains obtained between two vertical holes 327 
increase nonlinearly with the axial load. This nonlinear behaviour is more obvious for Point B which 328 
is closer to the holes. It might be due to the fact that the fibres around holes were cut and damaged 329 
because of the perforation, which disturbed the linear properties of fibre bundles. Therefore, it can be 330 
reasonably argued that perforated GFRP tubes with a relatively small vertical hole spacing may not 331 
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cause significant performance degradation under axial compression. However, this argument may not 332 
applicable for perforated GFRP tubes with very small vertical hole spacing because the minor cracks 333 
around closely spaced neighbouring vertical holes can easily develop into a fatal crack, which may 334 
result in an earlier tube failure.  335 
 336 
3.2.3. Influence of tube diameter 337 
The influence of tube diameter is investigated by comparing test results obtained from Group A and 338 
Group B GFRP tubes. The major difference between Group A and Group B tubes was the tube 339 
diameter (89 mm and 183 mm outer diameter). Fig. 11 (a) and (b) illustrate axial load-axial 340 
deformation diagrams of perforated GFRP tubes with different tube diameters. For comparison 341 
purpose, the axial load and axial deformation of GFRP tubes are normalized with respect to the axial 342 
critical load and corresponding deformation of intact GFRP tubes, respectively. In Fig. 11 (a), for 343 
Tube “A-D25-V60-T3 (APT)”, the perforation leads to the reductions of 23.3%, 43.4%, and 25.9% in 344 
the axial stiffness, axial critical load, and corresponding deformation, respectively. However, the 345 
reductions are 13.6%, 28.2%, and 17.1%, respectively, for Tube “B-D25-V60-T3 (APT)”. Similarly, 346 
in Fig. 11 (b), reductions of 11.5%, 30.1%, and 20.6% in the axial stiffness, axial critical load, and 347 
corresponding deformation are observed for Tube “A-D15-V60-T3 (APT)”, and the corresponding 348 
reductions for Tube “B-D15-V60-T3 (APT)” are 9.1%, 14.8%, and 5.3%. Therefore, it is clear that 349 
when other parameters are kept constant, increasing the tube diameter can improve the performance of 350 
perforated GFRP tubes under axial compression.  351 
 352 
3.2.4. Influence of perforation pattern 353 
Fig. 12 compares axial load-axial deformation behaviour between axially perforated GFRP tube (APT) 354 
and diagonally perforated GFRP tube (DPT). In Fig. 12 (a), for diagonally perforated tube “A-D25-355 
V60-T3 (DPT)”, the axial stiffness, axial critical load, and corresponding deformation are 93.3%, 356 
73.4%, and 78.6%, respectively, of those of axially perforated tube “A-D25-V60-T3 (APT)”. 357 
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Furthermore, for tube “A-D25-V40-T4 (DPT)” in Fig. 12 (b), the axial stiffness, axial critical load, 358 
and corresponding deformation are 108.6%, 89.9%, and 83.2%, respectively, compared to those of 359 
tube “A-D25-V40-T4 (APT)”. Interestingly, even though more holes were perforated on axially 360 
perforated tubes, better performance than diagonally perforated tubes under axial compression is 361 
observed. This may be explained that for diagonally perforated GFRP tubes, the cracks between 362 
neighbouring holes are easier to develop into a fatal crack, and hence the rupture is more likely to 363 
occur at an early stage. Based on the above investigation, it is recommended that perforated GFRP 364 
tubes with axial perforation pattern should be selected in order to improve the axial compressive 365 
behaviour.  366 
 367 
3.2.5. Influence of transverse hole spacing 368 
Fig. 13 illustrates the influence of transverse hole spacing on the axial compressive behaviour of 369 
perforated GFRP tubes. The variation of transverse hole spacing was investigated by changing the 370 
number of holes around tube transverse direction. The less the hole numbers around tube transverse 371 
direction, the larger the transverse spacing between holes. The perforated tubes with three and four 372 
holes around tube transverse direction were tested under axial compression while the other parameters 373 
were kept constant. Fig. 13 (a) and (b) illustrate that the axial stiffness and the axial critical load 374 
increases significantly with the increase of transverse hole spacing. However, the corresponding 375 
deformations at axial critical load do not show significant differences. Compared to the test results 376 
presented in Sections 3.2.1-3.2.5, it can be inferred that increase of perforation around tube transverse 377 
direction can lead to a significant decrease in the performance of perforated GFRP tube under axial 378 
compression. However, increase of perforation around tube longitudinal direction may not 379 
significantly influence the performance. Therefore, it is recommended that with a fixed perforation 380 
area throughout the tube, the perforation along transverse direction can be reduced while the 381 
perforation along the longitudinal direction can be increased in order to improve the axial 382 




3.2.6. Influence of hole reinforcement 385 
Reinforcement can be applied around holes so that the axial compressive behaviour of perforated 386 
cylindrical shells may be improved [2, 3, 10, 19, 20]. In this study, 3 layers of CFRP sheet were 387 
wrapped around the holes to investigate whether this type of reinforcement could be effective in 388 
improving the performance of perforated GFRP tubes under axial compression. Fig. 2 (c) and (d) 389 
provide the specific layout of reinforcement for both axially and diagonally perforated GFRP tubes. 390 
Fig. 14 shows the axial load-axial deformation behaviour of perforated tubes with reinforced or 391 
unreinforced holes. Both reinforced and unreinforced perforated tubes show similar behaviour under 392 
axial compression. The performance improvement is not significant for perforated tubes with 393 
reinforced holes. By wrapping CFRP sheet in this manner cannot contribute to increase the value of 394 
D11 in the bending stiffness matrix [D] for the laminates of the tube. Nevertheless, it may be 395 
reasonable to expect that CFRP wrapping around holes would be effective for perforated GFRP tubes 396 
subjected to internal pressure for which significant transverse tensile strain may occur.    397 
 398 
4. Development of design-oriented equations  399 
This section aims to develop design-oriented equations to characterise the axial stiffness, axial critical 400 
load, and axial deformation capacity of perforated GFRP tubes under axial compression. The 401 
equations contain the main parameters that influence the axial compressive behaviour of perforated 402 
GFRP tubes. The reliability of the proposed equations has been verified by the experimental test. For 403 
the development of design-oriented equations, few basic assumptions are adopted: (1) the major parts 404 
in resisting the axial compressive load are the vertical intact segment of the perforated GFRP tubes; (2) 405 
the influence of vertical hole spacing on the axial compressive behaviour is not significant; and (3) the 406 
axial deformation capacity is decreased because of the perforation. All the assumptions are in 407 




4.1. Definitions of model parameters 410 
Two parameters are introduced herein. The first parameter is perforation ratio, which is defined as the 411 
ratio between the sum of perforation length around tube transverse direction and the perimeter of the 412 
GFRP tube:   413 









where n  is perforation ratio; iD  , d , and t  are the inner diameter, hole diameter, tube thickness of 414 
GFRP tube, respectively; and n is the number of holes around tube transverse direction. The less is 415 
the perforation ration , the more is the intact vertical segment without holes for perforated GFRP 416 
tubes. 417 
 418 
A parameter µ  has been used to characterise the behaviour of perforated cylindrical shells under axial 419 
compression [2, 4]. In this study, the parameter µ  is used to investigate the axial compressive 420 
behaviour of perforated GFRP tubes. Since µ is only suitable for perforated tubes with one hole, in 421 
order to make µ  suitable for perforated tubes with multiple holes, Equation (2) has been proposed 422 
herein: 423 
               n a
Rt
µ ⋅=     (2) 
where a is the radius of the hole and R is the radius of the tube.   424 
 425 
4.2. Available experimental data 426 
Taheri-Behrooz et al. [18] investigated the axial compressive behaviour of perforated GFRP tubes. 427 
Details of the test data in Taheri-Behrooz et al. [18] can be found in Table 4. The parameters in the 428 
database include the radius of GFRP tubes R , tube thickness t , perforation ration , parameter µ , axial 429 
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stiffness ratio κ, axial critical load ratioη , and axial deformation ratio λ . It should be noted that all 430 
perforated tubes were diagonally perforated GFRP tubes in Taheri-Behrooz et al. [18]. 431 
 432 
4.3. Proposal for axial stiffness ratio, κ 433 
Based on Assumption (1), the axial stiffness of perforated GFRP tube is equal to the axial stiffness of 434 
intact vertical segment of perforated GFRP tube without holes. Therefore, the axial stiffness ratio κ 435 
between perforated GFRP tube and intact GFRP tube can be estimated according to Equation (3):  436 












Fig. 15 shows the axial stiffness ratio versus the perforation ratio from this study and Taheri-Behrooz 437 
et al. [18]. A linear relationship exists between the axial stiffness ratio and perforation ratio. Close 438 
agreements between the test data and prediction results can be observed in Fig. 15. In addition, by 439 
using the proposed equation, a conservative prediction of axial stiffness ratio can be obtained. This 440 
may be due to the assumption that only the vertical intact part of the perforated GFRP tube carries the 441 
load. Therefore, the contribution from the vertical perforated part of GFRP tube is neglected.  442 
The accuracy of the prediction is quantified using two statistical indicators: mean square error (MSE) 443 
and average absolute error (AAE). These two indicators are determined by Equation (4) and Equation 444 
(5), respectively: 445 
































where pre is the prediction result, exp is the experimental result, and N  is the total number of dataset.  446 
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The values of mean square error (MSE) and average absolute error (AAE) are only 0.4% and 4.7%, 447 
respectively. Hence, the proposed equation can predict the experimental behaviour with very good 448 
accuracy. 449 
 450 
Axially perforated GFRP tubes and diagonally perforated GFRP tubes performed differently under 451 
axial compression. Therefore, it is not appropriate to adopt the same equations to predict the axial 452 
critical load as well as axial deformation capacity of perforated GFRP tubes with different perforation 453 
patterns. It has been proved in this study that axially perforated GFRP tubes performed better than 454 
diagonally perforated GFRP tubes under axial compression. Therefore, experimental results on axially 455 
perforated GFRP tubes are used for the prediction of axial critical load as well as axial deformation 456 
capacity of the perforated GFRP tubes. Experimental results on diagonally perforated GFRP tubes 457 
(DPT) are excluded in the following section.  458 
 459 
4.4. Proposal for axial critical load ratio, η  460 
Due to the complex mechanism caused by perforation, few theoretical analyses have been conducted 461 
to predict the axial critical load of perforated cylindrical shells under axial compression [3, 5, 6]. 462 
Based on the analysis of available experimental results, it can be found that both the perforation ratio 463 
and parameter µ will significantly affect the axial critical load of perforated GFRP tubes. The 464 
following equations are proposed based on the regression of existing experimental data to predict the 465 
axial critical load ratio of axially perforated GFRP tubes (APT) using perforation ratio and parameter466 
µ :  467 
                  0.953 1.226η n= −  (6) 
                  0.967 0.158η µ= −  (7) 
Fig. 16 shows the axial critical load ratio versus the perforation ratio n  and Fig. 17 shows the axial 468 
critical load ratio versus the parameter µ . It can be seen that the axial critical load decreased with the 469 
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increase of perforation ratio n  (parameter µ ). Hence, a linear relationship can be established. The 470 
comparison of mean square error (MSE) and average absolute error (AAE) for Equations (6-7) has 471 
been shown in Fig. 18. It can be seen that the equations show good agreement with experimental 472 
results. Both the mean square error (MSE) and average absolute error (AAE) of Equation (6) were 473 
higher than those of Equation (7), which indicates that it is necessary to take the tube thickness into 474 
consideration for the more accurate prediction of the axial critical load of perforated GFRP tubes. 475 
Nevertheless, for simplicity, Equation (6) can also be used with a satisfactory accuracy.  476 
 477 
4.5. Proposal for axial deformation ratio, λ  478 
Previously, attention was focused on the prediction of axial critical load of perforated cylindrical 479 
shells under axial compression, and none of the previous studies provided information for the 480 
prediction of axial deformation capacity of perforated cylindrical shells. Equations (8) and (9) are 481 
proposed to predict the axial deformation capacity for the axially perforated GFRP tubes (APT) based 482 
on a regression analysis of experimental results using perforation ratio n and parameter µ :   483 
                  0.954 0.590λ n= −  (8) 
                  0.961 0.076λ µ= −     (9) 
Fig. 19 shows the axial deformation ratio versus perforation ratio, and Fig. 20 shows the axial 484 
deformation ratio versus parameter µ .  A good correlation has been obtained between the predictions 485 
and experimental results. The comparison of mean square error (MSE) and average absolute error 486 
(AAE) for Equations (8-9) can be seen in Fig. 18. Similar to the prediction of axial critical load, the 487 
prediction accuracy of axial deformation ratio is higher for equation developed based on parameter µ488 
(Equation 9). As a result, in order to get more accurate prediction, the influence of tube thickness 489 




In general, even though satisfactory prediction can be obtained by these equations, more test data is 492 
needed for perforated GFRP tubes with larger perforation ratio as well as with different tube 493 
thicknesses before proposing more general equations to predict the axial compressive behaviour of 494 
perforated GFRP tubes. Such experimental and analytical ingestions are the part of ongoing research 495 
projects of the authors. 496 
 497 
5. Conclusions 498 
This study presents a comprehensive assessment of the parameters that may influence the axial 499 
compressive behaviour of perforated Glass Fibre Reinforced Polymer (GFRP) tubes. Based on the 500 
experimental investigation, design-oriented equations are developed to predict the axial compressive 501 
behaviour of perforated GFRP tubes. The following conclusions can be drawn: 502 
The key parameters controlling the axial compressive behaviour of perforated GFRP tubes are the 503 
hole diameter, tube diameter, perforation pattern, transverse hole spacing. By reducing the hole 504 
diameter or increasing the tube diameter as well as transverse hole spacing, the axial compressive 505 
behaviour of perforated GFRP tubes can be significantly improved. Axially perforated tubes (APT) 506 
perform better than diagonally perforated tubes (DPT) under axial compression.  507 
The influences of vertical hole spacing and hole reinforcement on the performance of perforated 508 
GFRP tubes under axial compression have been found not significant.  509 
Design-oriented equations are developed for the prediction of axial stiffness, axial critical load and 510 
axial deformation capacity of perforated GFRP tubes under axial compression. The accuracies of the 511 
equations are verified by two statistical methods: average absolute error (AAE) and mean square error 512 
(MSE). The developed design-oriented equations can predict the axial compressive behaviour of 513 
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Table 1.  630 
Mechanical properties of GFRP tubes. 631 
Group 
Ultimate Tensile Strength (MPa) Ultimate Compressive Strength (MPa) Shear Strength 
(MPa) 
 
Modulus of Elasticity  
(GPa) 
Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse 
A 650 41 550 104 84 35.4 12.9 















Table 2.  Test matrix.  644 
GFRP tube Hole diameter (mm) Vertical hole spacing  (mm) 
Number of holes around 
transverse direction  Reinforcement 
A-I None None None None 
A-D25-V40-T4(APT) 25 40 4 None 
A-D25-V40-T4 (DPT) 25 40 4 None 
A-D25-V40-T4-LW (DPT) 25 40 4 Yes 
A-D25-V60-T4 (APT) 25 60 4 None 
A-D25-V60-T4-LW (APT) 25 60 4 Yes 
A-D25-V100-T4 (APT) 25 100 4 None 
A-D25-V60-T3 (APT) 25 60 3 None 
A-D25-V60-T3 (DPT) 25 60 3 None 
A-D15-V60-T4 (APT) 15 60 4 None 
A-D15-V60-T3 (APT) 15 60 3 None 
A-D15-V100-T3 (APT) 15 100 3 None 
B-I None None None None 
B-D25-V60-T3 (APT) 25 60 3 None 




(Note: “A” and “B”  are used to identify Group A GFRP tubes and Group B GFRP tubes, respectively; “I” indicates intact GFRP tubes without perforation; 646 
for perforated GFRP tubes, “D” and the number afterwards indicate the diameter of the hole in mm; “V” and the number afterwards indicate the vertical hole 647 
spacing in mm; “T” and the number afterwards indicate the number of holes around transverse direction; “LW” represents that the GFRP tube was laterally 648 
wrapped with CFRP sheet; “APT” indicates axially perforated GFRP tube; and “DPT” represents diagonally perforated GFRP tube.  649 
 650 
 651 
Table 3.  652 
Experimental results. 653 
GFRP tube Perforation ratio n  µ  Axial stiffness ratio κ  Axial deformation ratio λ  Axial critical load ratio η  
A-I 0 0 1 1 1 
A-D25-V40-T4 (DPT) 0.384 3.06 0.652 0.665 0.431 
A-D25-V40-T4-LW (DPT) 0.384 3.06 0.652 0.694 0.452 
A-D25-V40-T4 (APT) 0.384 3.06 0.6 0.799 0.479 
A-D25-V40-T4-LW (APT) 0.384 3.06 0.6 0.779 0.469 
A-D25-V60-T4 (APT) 0.384 3.06 0.709 0.722 0.509 
A-D25-V60-T4-LW (APT) 0.384 3.06 0.688 0.734 0.504 
A-D25-V100-T4 (APT) 0.384 3.06 0.758 0.717 0.541 
29 
 
A-D25-V60-T3 (APT) 0.288 2.295 0.767 0.741 0.566 
A-D25-V60-T3 (DPT) 0.288 2.295 0.715 0.583 0.416 
A-D15-V60-T4 (APT) 0.230 1.836 0.818 0.784 0.639 
A-D15-V60-T3 (APT) 0.173 1.377 0.885 0.794 0.699 
A-D15-V100-T3 (APT) 0.173 1.377 0.921 0.799 0.733 
B-I 0 0 1 1 1 
B-D15-V60-T3 (APT) 0.082 0.832 0.909 0.937 0.852 










Table 4.  661 
Summary of test results in Ref. [16]. 662 
No. Radius of tubes 
R  (mm) 
Thickness 
t  (mm) Perforation ratio n  
µ  Axial stiffness ratio κ Axial deformation ratio λ  
Axial critical 
load ratio η  
1 53.15 2.2 0 0 1 1 1 
2 53.15 2.2 0.174 0.462 0.874 0.742 0.650 
3 53.15 1.5 0 0 1 1 1 
4 53.15 1.5 0.175 0.560 0.816 0.741 0.642 
5 30.2 2.2 0 0 1 1 1 
6 












        
(a) Group A            (b) Group B 




       
                                       (a) APT           (b) DPT        (c) APT-LW     (d) DPT-LW 






















(a) steel flange 
 
(b) steel sleeve (c) combination 
 
(d) upper test fixture 
with bolts 













(ⅰ) plan view  (ⅱ) side view 
(a) steel flange 
  
(ⅰ) plan view (ⅱ) side view 
(b) steel sleeve 




     
(a) A-I (without capping test 
fixture) 
(b) A-I (with capping test 
fixture) 
(c) A-D15-V100-T3 (APT) (d) A-D25-V60-T3 (DPT) (e) A-D25-V60-T4-LW (APT) 
 






    
(a) Axial load-axial deformation behaviour of A-I, A-D15-V60-T4 (APT) and A-D25-V60-T4 (APT)  
 
   
(b) Axial load-axial deformation behaviour of B-I, B-D15-V60-T3 (APT) and B-D25-V60-T3 (APT)  

















































 B-D25-V60-T3 (APT) 
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         (a)  Strain gauges layout                                  (b) Strain distribution 
































 1: Strain gauge 1
 2: Strain gauge 2
 3: Strain gauge 3





(a) Axial load-axial deformation behaviour of A-I, A-D25-V60-T4 (APT) and A-D25-V100-T4 (APT)  
 
   
(b) Axial load-axial deformation behaviour of A-I, A-D15-V60-T3 (APT) and A-D15-V100-T3 (APT)  


























































             (a) Strain gauges layout                            (b) Strain distribution  







































 1: Strain gauge 1
 2: Strain gauge 2






(a) Normalised axial load-axial deformation behaviour of A-I, B-I, A-D25-V60-T3 (APT) and B-D25-
V60-T3 (APT)   
  
 (b) Normalised axial load-axial deformation behaviour of A-I, B-I, A-D15-V60-T3 (APT) and B-
D15-V60-T3 (APT)  






























































(a) Axial load-axial deformation behaviour of A-I, A-D25-V60-T3 (APT) and A-D25-V60-T3 (APT)  
  
 
(b) Axial load-axial deformation behaviour of A-I, A-D25-V40-T4 (APT) and A-D25-V40-T4 (APT)  





















































(a) Axial load-axial deformation behaviour of A-I, A-D25-V60-T3 (APT) and A-D25-V60-T4 (APT)  
 
  
(b) Axial load-axial deformation behaviour of A-I, A-D15-V60-T3 (APT) and A-D15-V60-T4 (APT)  

























































(b) Axial load-axial deformation behaviour of A-I, A-D25-V40-T4 (DPT) and A-D25-V40-T4-LW 
(DPT)  
Fig. 14. Influence of hole reinforcement on the axial compressive behaviour of perforated GFRP tubes 














































      
Fig. 15. Prediction of axial stiffness ratio from perforation ratio 
 
   
Fig. 16. Prediction of axial critical load ratio from perforation ratio (axially perforated GFRP tubes) 
 













































Fig. 17. Prediction of axial critical load ratio from parameter µ  (axially perforated GFRP tubes) 
  
 
Fig. 18. Error estimates of the proposed design-oriented equations 
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Fig. 19. Prediction of axial deformation ratio from perforation ratio (axially perforated GFRP tubes) 
 
 
Fig. 20. Prediction of axial deformation ratio from parameter µ  (axially perforated GFRP tubes) 
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